Development of geothermal resources on abandoned oil reservoirs is considered environmentally friendly. This method could reduce the rate of energy consumption from oil fields. In this study, the feasibility of geothermal energy recovery based on a deep borehole heat exchanger modified from abandoned oil reservoirs using in situ combustion technology is investigated. This system could produce a large amount of heat compensated by in situ combustion in oil reservoir without directly contacting the formation fluid and affecting the oil production. A coupling strategy between the heat exchange system and the oil reservoir was developed to help avoid the high computational cost while ensuring computational accuracy. Several computational scenarios were performed, and results were obtained and analyzed. The computational results showed that an optimal water injection velocity of 0.06 m/s provides a highest outlet temperature of (165.8 • C) and the greatest power output of (164.6 kW) for a single well in all the performed scenarios. Based on the findings of this study, a geothermal energy production system associated with in situ combustion is proposed, specifically for economic reasons, because it can rapidly shorten the payback period of the upfront costs. Modeling was also performed, and based on the modeling data, the proposed technology has a very short payback period of about 4.5 years and a final cumulative net cash flow of about $4.94 million. In conclusion, the present study demonstrates that utilizing geothermal resources or thermal energy in oilfields by adopting in situ combustion technology for enhanced oil recovery is of great significance and has great economic benefits.
Introduction
Generating geothermal power from abandoned oil reservoirs could be the answer to the energy crisis facing today's world. However, the upfront cost in a geothermal project is a barrier. Increasing the heat production and shortening the payback period of the upfront costs are two main objectives in a geothermal project. High outlet temperature and larger amount of geothermal fluid extraction could help to enhance the total heat production, whereas low drilling costs are conducive to reduce the payback period of the geothermal project. In this regard, most oilfields possess great potential for producing geothermal energy, because they are associated with production of geothermal fluid from oil reservoirs. Furthermore, abandoned oil reservoirs are good potential areas for harvesting and producing geothermal energy, and are most favorable because they are easily retrofitted into geothermal wells. However, the outlet temperature of geothermal wells in oil fields is usually lower, thus resulting in low heat production and long payback period.
Over recent years, the petroleum industry has seen and experienced rapid development due to the high demand of energy worldwide. In the midst of this rapid development, a larger number of oil and gas wells has been left abandoned due to either technical problems or economic benefit limitations, particularly heavy oil reservoirs. To enhance heavy oil recovery, thermal recovery technology such as in situ combustion method is often used. According to the latest update on drilled oil wells data, there exist about 20-30 million abandoned oil wells around the world [1] . Abandoned oil reservoirs may not hold oil productivity after a long-term recovery process, but such wells can produce brine fluids with high temperature. Thus, geothermal energy from such high-temperature fluids could be directly or indirectly recovered back to the surface for further utilization. Li et al. [2] and Zhang et al. [3] proposed a geothermal system combined with power generation which extracts geothermal heat from hot water in oilfields. Zheng et al. [4] proposed a concept to produce geothermal energy from abandoned oil and gas reservoirs by oxidizing the residual oil with injected air. This system, however, lacks a detailed heat exchanger model describing the heat transfer from reservoir to geothermal well, which is the essential part of evaluating the efficiency of a geothermal system. Zheng et al. [4] proposed a concept which lacks a detailed heat exchanger model, Davis and Michaelides [5] investigated the feasibility of the heat exchanger using abandoned wells for power generation by ORC (Organic Rankine Cycle). Their proposed geothermal system can provide an output power of 3.4 MW when at optimal condition.
Wight and Bennett [6] pointed out that the closed loop system (i.e., heat exchanger) retrofitted from abandoned oil well has the advantage of protecting both the equipment and the environment from performance or safety risks caused by minerals and contaminants commonly present in naturally occurring geothermal fluid. This is because the system can produce geothermal energy without extracting geothermal fluid from the formation. Another advantage of utilizing abandoned oil reservoirs is that there is little or no drilling cost at all, which is generally the main upfront investment in any geothermal project [7] . Moreover, the cost of retrofitting abandoned oil well into geothermal well using work-over techniques is equivalent to one tenth the cost of drilling a new geothermal well, and the maximum expense is even less than one seventh of the cost of drilling a new well [8] . Therefore, with regard to the above, it is clear that, if abandoned wells could be re-developed and utilized, large amount of drilling cost could be cut down, and more economic gains could be achieved.
Numerous mathematical models have been developed to both calculate the outlet temperature and evaluate the performance of the heat exchanger. Bu et al. [8] considered a two-dimensional model for numerically simulating the heat transfer between the surrounding rocks and the heat exchanger. This model neglects the variation of temperature in the tube wall of the injection annulus and the extraction well, which decreases the accuracy of the temperature distribution and overestimates the heat extracted from the surrounding rocks. Furthermore, Nian and Cheng [9] pointed out that it is unsound to use the assumption of vanishing well radius as a boundary condition in the model, because this could overestimate the heat flux from the surrounding rocks to working fluid in the heat exchanger.
Noorollahiet et al. [10] simulated a geothermal system which extracted geothermal energy by using two abandoned oil wells in Ahwaz oil field in Southern Iran. They developed a 3D numerical model using finite element method software ANSYS. They found that the sensitive parameter analysis indicates that casing geometry will strongly affect the heat transfer between the geothermal well and the surrounding rocks. Mokhtari et al. [11] found that when evaluating the pressure drop and thermal efficiency of the heat exchanger, the diameter ratio of the inner to outer pipe is very important. Their results showed that the optimal diameter ratios for pressure drop minimization and thermal efficiency maximization are 0.675 and 0.353, respectively.
In general, there are three grades of temperatures for extractive geothermal energy recognized by the industry namely: high temperature (>180 • C), intermediate temperature (100 to 180 • C) and low temperature (30 to 100 • C), respectively [12] . High-temperature geothermal resources can be used for power generation, while the low and medium temperature resources could be/are normally used directly for district heating and geothermal source heat pump (GSHP) [13, 14] . However, a large number of geothermal reservoirs have low outlet temperatures. Low-temperature geothermal resources are economically not viable for commercial plants because they cannot generate sufficient heat. Thus, they cannot recover the upfront investment for retrofitting the abandoned wells and the construction of the power plants. To extract more heat from subsurface reservoir, low boiling point organic fluids with high heat-to-electricity efficiency are often used as working fluid mostly in ORC plants. Mokhtari et al. [11] investigated four organic fluids (R123, R134a, R245fa, R22) often used as working fluids in geothermal power plants. They found that R123 has the most desirable characteristics in comparison with other working fluids. Noorollahi et al. [15] further investigated two other types of working fluid (isobutene and ammonia) for power generation. A binary power cycle model was applied for power generation in their study to calculate the total electric power output. The two fluids (ammonia and isobutene) were chosen as secondary fluids in their power cycle, and their power outputs were compared. They found that for similar flow rates, the total net power for isobutene is greater than that of ammonia.
Another method for enhancing geothermal system is extracting geothermal energy from oil reservoirs with in situ combustion. Zheng et al. [4] proposed a geothermal system enhanced by oil reservoir using in situ combustion technology. They used a retrofitted abandoned well for their geothermal system. Similarly, Cinar [16] proposed a geothermal model using a perforated well to extract heated fluid from the oil reservoir where wet in situ combustion was applied. However, as pointed out in his study, wet in situ combustion may extinguish the combustion process, which causes reduction in the mass production of heated water resulting into less sufficient heated water to sustain a commercial scale power plant. Additionally, this may also result in the large depletion of the formation fluid. Cheng et al. [17] investigated the enhancement effect of geothermal power generation from abandoned oil reservoirs with thermal reservoirs. They found that a geothermal well with thermal reservoirs could produce a heat and electric power output of about four times the amount that can be produced by a geothermal well without thermal reservoirs. Although the cost of drilling can be reduced or even eliminated, the cost of the power plant installation accounts for the major portion of the total investment of the geothermal project, which further prolongs the payback period. Therefore, in this regard, more heat extraction from the subsurface is needed to sustain a commercial-sized geothermal project/plant.
In this study, a new model for recovering and re-utilizing oil for geothermal energy from abandoned wells is proposed. For this model, an in situ combustion technique is applied in the reservoir to recover heavy oil by injecting air into the formations. The air injection helps to oxidize the oil and heat up the reservoir. A schematic representation of the newly proposed model can be seen in Figure 1 . Figure 1 is a schematic representative summary of the development and utilization of the resources in abandoned oil reservoirs by in situ combustion. As can be seen from the figure, during the recovery process, a large amount of heat is generated from the in situ combustion. The abandoned well becomes a heat exchanger (i.e., geothermal well). A schematic representation of the heat exchange system is shown in Figure 2 .
As can be seen from Figure 2 , water is injected through the injection annulus and extracted through the extraction well. The oil reservoir with in situ combustion provides large amounts of heat at the bottom of the geothermal system. The system mainly includes heat transfer in the geothermal well (i.e., extraction well and injection annulus), oil reservoir and the surrounding rocks (i.e., strata). In general, the geothermal fluid extraction process may cause some problems in the formation, including groundwater recession, corrosion and scaling problem, the high cost of geothermal, and drilling of the re-injection well [18] . However, the system shown in Figure 2 has no direct contact in the formation fluid and no effect on oil production. It only extracts the heat from the formation and the oil reservoir by recycling the working fluid in a closed loop concentric tube, which is combined with in situ combustion by air injection in the oil reservoir. The detailed methodology adopted in this study is shown in Figure 3 . In this study, a numerical model describing retrofitting abandoned oil wells into useful geothermal wells with in situ combustion for the purpose of recovering geothermal resources was developed. This model provides a new coupling strategy between the heat exchange system and the oil reservoir. The main idea is that the reservoir temperature with in situ combustion is expressed as a function of time, and then imported into the heat exchange system as a boundary condition. This model takes advantage of the commercial reservoir simulator CMG for simulating in situ combustion and helps to avoid large amounts of computational cost when calculating the heat transfer from the surrounding rocks and oil reservoir to the heat exchanger. Several parameters known to affect the system performance were analyzed using the proposed model in this study. Moreover, it should be noted that turbulent flow, which increases the computational efficiency without losing much computational accuracy is not considered in this model. For the findings of this study, the computational results indicate that the outlet temperature increases remarkably after the combustion front reaches the area near the heat exchange wellbore. Furthermore, a geothermal system using advanced in situ combustion was proposed to extract more heat from the reservoir right from the beginning, thereby significantly shortening the payback period of the upfront costs. In this study, a numerical model describing retrofitting abandoned oil wells into useful geothermal wells with in situ combustion for the purpose of recovering geothermal resources was developed. This model provides a new coupling strategy between the heat exchange system and the oil reservoir. The main idea is that the reservoir temperature with in situ combustion is expressed as a function of time, and then imported into the heat exchange system as a boundary condition. This model takes advantage of the commercial reservoir simulator CMG for simulating in situ combustion and helps to avoid large amounts of computational cost when calculating the heat transfer from the surrounding rocks and oil reservoir to the heat exchanger. Several parameters known to affect the system performance were analyzed using the proposed model in this study. Moreover, it should be noted that turbulent flow, which increases the computational efficiency without losing much computational accuracy is not considered in this model. For the findings of this study, the computational results indicate that the outlet temperature increases remarkably after the combustion front reaches the area near the heat exchange wellbore. Furthermore, a geothermal system using advanced in situ combustion was proposed to extract more heat from the reservoir right from the beginning, thereby significantly shortening the payback period of the upfront costs.
Model Description of In Situ Combustion
The process of in situ combustion is basically the injection of oxidized gas or oxygen-enriched air to generate heat by burning a portion of residual oil, where most of the oil is driven toward the producers by a combination of gas-drive, steam or water-drive. The main purpose of applying in situ combustion is to generate a large amount of heat for the geothermal system. For this study, the modeling was performed using STARS by CMG. The in situ combustion model assumes that the reservoir has: uniform porosity, isotropic permeability, and closed upper and lower layers. The model utilizes a five spots pattern, as shown in Figure 4 . 
The process of in situ combustion is basically the injection of oxidized gas or oxygen-enriched air to generate heat by burning a portion of residual oil, where most of the oil is driven toward the producers by a combination of gas-drive, steam or water-drive. The main purpose of applying in situ combustion is to generate a large amount of heat for the geothermal system. For this study, the modeling was performed using STARS by CMG. The in situ combustion model assumes that the reservoir has: uniform porosity, isotropic permeability, and closed upper and lower layers. The model utilizes a five spots pattern, as shown in Figure 4 . The numerical model domain, which is the dark area shown in Figure 4 , takes advantage of the symmetric flow, with injection in one quarter and a production well in two corners. To simulate the process of in situ combustion in a general form, a direct conversion cracking kinetics scheme for three components of oil was chosen in the simulation, as it does not depend upon the stoichiometry of the products, and thus reduces the degree of uncertainty in the simulation results, as the number of unknowns is reduced [19] . Here we applied the chemical reaction data of the template in STARS of The numerical model domain, which is the dark area shown in Figure 4 , takes advantage of the symmetric flow, with injection in one quarter and a production well in two corners. To simulate the process of in situ combustion in a general form, a direct conversion cracking kinetics scheme for three components of oil was chosen in the simulation, as it does not depend upon the stoichiometry of the products, and thus reduces the degree of uncertainty in the simulation results, as the number of unknowns is reduced [19] . Here we applied the chemical reaction data of the template in STARS of CMG [20] to obtain a typical in situ combustion scenario. Seven components were considered in the process of in situ combustion, and these were: water (H 2 O), heavy oil component (HC), light oil component (LC), inert gas (IG), oxygen (O 2 ), carbon dioxide (CO 2 ), and coke, respectively. Three chemical reactions were introduced to describe the components change in reservoirs and the heat generated in the process. The enthalpy and activation energy of these three reactions were as shown in Table 1 . Their relative permeability curves and the reservoir properties are shown in Table 2 and Figure 5 . 
Model Description of Geothermal Well
As seen in Figure 2 , an abandoned well can be retrofitted into geothermal well by coating the inner tubing (extraction well) with insulation and sealing the bottom of the well. Water is then used as working fluid, and is injected through the annulus space and extracted from the inner tubing to 
As seen in Figure 2 , an abandoned well can be retrofitted into geothermal well by coating the inner tubing (extraction well) with insulation and sealing the bottom of the well. Water is then used as working fluid, and is injected through the annulus space and extracted from the inner tubing to the surface [21] . When the water flows downward along the annulus, it is heated by the surrounding rocks and by the reservoir, where there is a large amount of heat generated by in situ combustion. The heated water is then extracted back to the surface. This is a concentric tube heat exchanger, and the working fluid is not in direct contact with the surrounding rocks. Based on the data of the main oil fields in China, the geothermal gradient is generally about 0.03 K/m [22] [23] [24] [25] [26] . The model developed in this study utilized a concentric tube heat exchanger that was designed to retrofit an abandoned well with a typical casing outer diameter of 19.6 cm and an inner diameter of 15 cm. The inner diameter of the extraction well was 4 cm, the thickness of insulation was 2 cm, the well depth was 4000 m, and the thickness of the reservoir was 10 m. The whole reservoir was fully penetrated by the well. This system was modeled with the finite element modeling software COMSOL Multiphysics.
Governing Equations
A two-dimensional axi-symmetric cylindrical model was applied to describe the whole system. Heat exchange takes place between the working fluid and the rocks simultaneously [21, 27] , see Figure 6 .
(a) Water-oil (b) Liquid-gas 
Model Description of Geothermal Well
Governing Equations
A two-dimensional axi-symmetric cylindrical model was applied to describe the whole system. Heat exchange takes place between the working fluid and the rocks simultaneously [21, 27] , see Figure  6 . The dashed vertical line on the left side of Figure 6 shows the axis of symmetry, which is parallel to the direction of the z axis. The total depth of the heat exchange system is 4000 m from the surface. There is a buffer zone of 5 m at the bottom of the heat exchange system. The thickness of the oil reservoir is 10 m. The time-dependent governing equation corresponds to the convection-diffusion equation, which contains additional contributions of heat flux and no other heat source [28] . The heat flux describes the heat transfer from the rock to the injection annulus and from the injection annulus to the extraction well. Therefore, the expressional equation is where ρ is the density (kg/m 3 ), C p is the specific heat capacity (J/(kg·K)), T is the absolute temperature (K), → u is the velocity vector (m/s) and → q is the heat flux by conduction (W/m 2 ), which can be described using the Fourier's three-dimensional diffusion law
where k is thermal conductivity (W/(m·K)). Some parameters used in the numerical simulation are listed in Table 3 . This heat transfer equation is already built into COMSOL, and can be called up in the software directly. For the water, the values of heat capacity, density and thermal conductivity depend on temperature and are already built into the COMSOL materials database, being expressed by the following formulas:
Initial Conditions
The velocity and the initial temperature of the injected water are both uniform along the well, and their values are 0.03 m/s and 30 • C, respectively. It should be noted that the velocity of water in the extraction well should be a corresponding value in order to retain a constant mass flow rate in the numerical model. The surface temperature is 15 • C. The initial temperature of the rocks is given by the following equation
where T R,0 is the initial rock temperature (K), T srf is the temperature at surface (K), G is the geothermal gradient (K/m), and z is the depth of rock (m).
Boundary Conditions
The radius of influence may be at a modest distance from the well over the time frame modeled in this study. Therefore, the approximation that the temperature is constant at a 100-m radius is justified. The chosen distance of 100 m is explained in the following section. The boundary condition of the whole system, including the rock, is given by
where T R,b is the rock temperature at a constant temperature boundary (K), R and Z are distances at constant temperature boundary in r and z direction (m). However, if in situ combustion is applied in the reservoir, the boundary condition at the depth of the reservoir corresponds to the temperature influenced by the in situ combustion. Hence, the boundary condition at the depth of reservoir is given by
where T ic is the temperature of reservoir with in situ combustion and it is the function of depth z and time t. Please note that the distance of the constant temperature boundary is still R. This is reasonable, given that the influence of the in situ combustion on the heat exchange system is dominant considering the whole region of the oil field, while the reduction of the reservoir temperature and the heat extraction caused by geothermal well is limited.
Results and Discussion
A two-dimensional axi-symmetric cylindrical geothermic model was applied to simulate the temperature distribution of the geothermal well system as well as the surrounding rock system. To obtain more accurate temperature data, the two systems were coupled by using COMSOL Multiphysics simulator.
Mesh Independence Study
Before applying the heat exchanger model to calculate the outlet temperature, a mesh independence study was conducted to obtain stable temperature data. Triangular meshing was applied to the numerical model of the heat exchanger. The outlet temperatures after 5 years of operation are shown in Figure 7 . When the number of triangular elements is small, the outlet temperature data oscillate and then begin to converge at certain values as the number of triangular elements becomes larger than 60,000. The numerical model of the heat exchanger in this study had 64,426 triangular elements, which guaranteed the mesh independence while using a relatively small computational time. , = ,
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Results and Discussion
Mesh Independence Study
Before applying the heat exchanger model to calculate the outlet temperature, a mesh independence study was conducted to obtain stable temperature data. Triangular meshing was applied to the numerical model of the heat exchanger. The outlet temperatures after 5 years of operation are shown in Figure 7 . When the number of triangular elements is small, the outlet temperature data oscillate and then begin to converge at certain values as the number of triangular elements becomes larger than 60,000. The numerical model of the heat exchanger in this study had 64,426 triangular elements, which guaranteed the mesh independence while using a relatively small computational time. 
Validation and Comparison of the Model
The proposed model was compared and validated with the results from Bu et al. [8] and Templeton et al. [29] . The assumptions made by Bu et al. [8] include neglecting the variation of the tube wall temperature of the injection annulus and the extraction well, and also the Dittus-Boelter relation in the convection model. These assumptions decrease the accuracy of the temperature distribution and will overestimate the heat extracted from the surrounding rocks in their system. Furthermore, the temperature transfer is very sensitive to the properties of the extraction well and the insulation. Again, the Dittus-Boelter relation is not suitable for parts with larger temperature differences, especially near the top of well, and is also not suitable for the annular injection well [30] . For the model used by Templeton et al. [29] , the whole simulation domain does not consider the rock below the heat exchanger. It should be noted that both studies neglect the changes in the thermal properties of water, which are a function of temperature.
To achieve fair comparison with the newly proposed model in this study, we applied parameters similar to those applied in the two studies done by Bu et al. [8] and Templeton et al. [29] . To be more precise, the inner diameter of the extraction and the injection wells are 10 cm and 30 cm; the thickness of the insulation is 1 cm; the thickness of casing is 2 cm; the thermal conductivity of the surrounding rocks and the insulation are 2.1 W/(m·K) and 0.027 W/(m·K); the density and the heat capacity of the surrounding rocks are 2730 kg/m 3 and 1098 J/kg/K; and the velocity of the injected water and the geothermal gradient are 0.03 m/s and 0.045 K/m, respectively. Figure 8 shows the outlet temperatures calculated by these three models over ten years.
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Analysis of Heat Transfer Characteristics
The parameters applied in the calculation are listed in Tables 2 and 3 , and Figures 5 and 6. The temperature distribution in the surrounding rocks and the heat exchange system with in situ combustion are shown in Figure 10 . As seen in Figure 10 , there is a temperature drawdown near the heat exchange system. The high temperature zone is strongly marked at the depth of the in situ combustion reservoir at about 4000 m. The isothermal contours show that the initial geothermal temperature is not affected by the heat exchange system when the radius is greater than 80 m, even after a period of 50 years of operation. As seen from Figure 9 , the solid lines and the dashed lines show the temperature profiles of the injection annulus and extraction well, respectively. The highest temperature is found at the bottom of the well at about 4000 m. The variation of the fluid temperature curves of this study (red line) show that there is a slight decrease in the temperature near the top of the injection annulus. The reason for this is that the temperature of the injected water is 30 • C, and this is higher than that of the surface temperature, which is 15 • C. This causes the injected water to lose some heat in some regions near the wellhead. However, we cannot find any such phenomenon in the results from the model of Bu et al. [8] ; thus, this overestimation reduces the accuracy of the simulation results of the model of Bu et al. [8] .
The parameters applied in the calculation are listed in Tables 2 and 3 , and Figures 5 and 6. The temperature distribution in the surrounding rocks and the heat exchange system with in situ combustion are shown in Figure 10 . As seen from Figure 9 , the solid lines and the dashed lines show the temperature profiles of the injection annulus and extraction well, respectively. The highest temperature is found at the bottom of the well at about 4000 m. The variation of the fluid temperature curves of this study (red line) show that there is a slight decrease in the temperature near the top of the injection annulus. The reason for this is that the temperature of the injected water is 30 °C, and this is higher than that of the surface temperature, which is 15 °C. This causes the injected water to lose some heat in some regions near the wellhead. However, we cannot find any such phenomenon in the results from the model of Bu et al. [8] ; thus, this overestimation reduces the accuracy of the simulation results of the model of Bu et al. [8] .
The parameters applied in the calculation are listed in Tables 2 and 3 , and Figures 5 and 6. The temperature distribution in the surrounding rocks and the heat exchange system with in situ combustion are shown in Figure 10 . As seen in Figure 10 , there is a temperature drawdown near the heat exchange system. The high temperature zone is strongly marked at the depth of the in situ combustion reservoir at about 4000 m. The isothermal contours show that the initial geothermal temperature is not affected by the heat exchange system when the radius is greater than 80 m, even after a period of 50 years of operation. As seen in Figure 10 , there is a temperature drawdown near the heat exchange system. The high temperature zone is strongly marked at the depth of the in situ combustion reservoir at about 4000 m. The isothermal contours show that the initial geothermal temperature is not affected by the heat exchange system when the radius is greater than 80 m, even after a period of 50 years of operation. This could help to explain why the 100 m distance (the radius of influence in boundary conditions) from the heat exchange system to the rock in the r-direction, and the 500 m distance in the z-direction, were chosen as the boundary of the surrounding rocks for the model proposed in this study.
Heat Production Analysis
Considering the high upfront investment required for the initial development of the geothermal power plant and retrofitting of the abandoned well, the outlet temperatures of the conventional geothermal well project may not be high enough to generate enough electric energy and recover the upfront costs. Therefore, in order to obtain more heat from the reservoir, in situ combustion was applied to supply the heat extraction from the heat exchange system. A three-dimensional model of the reservoir with in situ combustion was simulated by using the STARS simulator in CMG. The modeling grid numbers are: 20, 20 and 5 in the i, j and k directions, respectively. The temperature distributions in the oil reservoir during the 6th year and 11th year of the total operation period of 50 years are shown in Figure 11 . The measurement unit of the temperatures of the reservoir is degrees Celsius. This could help to explain why the 100 m distance (the radius of influence in boundary conditions) from the heat exchange system to the rock in the r-direction, and the 500 m distance in the z-direction, were chosen as the boundary of the surrounding rocks for the model proposed in this study.
Considering the high upfront investment required for the initial development of the geothermal power plant and retrofitting of the abandoned well, the outlet temperatures of the conventional geothermal well project may not be high enough to generate enough electric energy and recover the upfront costs. Therefore, in order to obtain more heat from the reservoir, in situ combustion was applied to supply the heat extraction from the heat exchange system. A three-dimensional model of the reservoir with in situ combustion was simulated by using the STARS simulator in CMG. The modeling grid numbers are: 20, 20 and 5 in the i, j and k directions, respectively. The temperature distributions in the oil reservoir during the 6th year and 11th year of the total operation period of 50 years are shown in Figure 11 . The measurement unit of the temperatures of the reservoir is degrees Celsius. In Figure 11 , the air is injected from the upper left injector. The lower right producer will be retrofitted into the heat exchange system. The extreme high temperature zone in this figure is where the combustion front is located. The temperature near the wellbore (block 18, 20, 3) and the average temperature of the whole reservoir are shown in Figure 12 . In Figure 11 , the air is injected from the upper left injector. The lower right producer will be retrofitted into the heat exchange system. The extreme high temperature zone in this figure is where the combustion front is located. The temperature near the wellbore (block 18, 20, 3) and the average temperature of the whole reservoir are shown in Figure 12 . This could help to explain why the 100 m distance (the radius of influence in boundary conditions) from the heat exchange system to the rock in the r-direction, and the 500 m distance in the z-direction, were chosen as the boundary of the surrounding rocks for the model proposed in this study.
Considering the high upfront investment required for the initial development of the geothermal power plant and retrofitting of the abandoned well, the outlet temperatures of the conventional geothermal well project may not be high enough to generate enough electric energy and recover the upfront costs. Therefore, in order to obtain more heat from the reservoir, in situ combustion was applied to supply the heat extraction from the heat exchange system. A three-dimensional model of the reservoir with in situ combustion was simulated by using the STARS simulator in CMG. The modeling grid numbers are: 20, 20 and 5 in the i, j and k directions, respectively. The temperature distributions in the oil reservoir during the 6th year and 11th year of the total operation period of 50 years are shown in Figure 11 . The measurement unit of the temperatures of the reservoir is degrees Celsius. In Figure 11 , the air is injected from the upper left injector. The lower right producer will be retrofitted into the heat exchange system. The extreme high temperature zone in this figure is where the combustion front is located. The temperature near the wellbore (block 18, 20, 3) and the average temperature of the whole reservoir are shown in Figure 12 . As seen in Figure 12 , when the combustion front approaches the wellbore (heat exchange system), the temperature around the wellbore increases sharply until reaching a peak point at about 350 • C. With continuous injection of air, the temperature decreases, and this is followed by a long stage of declination. This indicates that a large amount of heat is generated in the reservoir when in situ combustion is applied. Considerable amounts of heat can be extracted by the heat exchanger system from both the surrounding rocks and the combustion reservoir, especially when the peak point of combustion front has been reached.
The coupling between the oil reservoir model and the heat exchanger model is at the depth of the oil reservoir. If the average reservoir temperature is applied (red dashed line in Figure 12 ) as the boundary condition of the heat exchanger model, this may strongly underestimate the heat production of the heat exchanger. Therefore, in this study, we applied the temperature profile data of the block (18, 20, 3) into the heat exchanger model as a time-dependent boundary condition at the depth of the oil reservoir. This method reduces the computing cost while also preserving the computational validity of the result. This is reasonable, because as can be seen from Figure 10 , the affected region in the surrounding rocks is limited to the place very close to the heat exchange wellbore. After applying the temperature data of the block (18, 20, 3) into the proposed heat exchanger model, the outlet temperature was strongly enhanced by the combustion reservoir. The temperature curves are as shown in Figure 13 . As seen in Figure 12 , when the combustion front approaches the wellbore (heat exchange system), the temperature around the wellbore increases sharply until reaching a peak point at about 350 °C. With continuous injection of air, the temperature decreases, and this is followed by a long stage of declination. This indicates that a large amount of heat is generated in the reservoir when in situ combustion is applied. Considerable amounts of heat can be extracted by the heat exchanger system from both the surrounding rocks and the combustion reservoir, especially when the peak point of combustion front has been reached.
The coupling between the oil reservoir model and the heat exchanger model is at the depth of the oil reservoir. If the average reservoir temperature is applied (red dashed line in Figure 12 ) as the boundary condition of the heat exchanger model, this may strongly underestimate the heat production of the heat exchanger. Therefore, in this study, we applied the temperature profile data of the block (18, 20, 3) into the heat exchanger model as a time-dependent boundary condition at the depth of the oil reservoir. This method reduces the computing cost while also preserving the computational validity of the result. This is reasonable, because as can be seen from Figure 10 , the affected region in the surrounding rocks is limited to the place very close to the heat exchange wellbore. After applying the temperature data of the block (18, 20, 3) into the proposed heat exchanger model, the outlet temperature was strongly enhanced by the combustion reservoir. The temperature curves are as shown in Figure 13 . It should be noted that in Figure 13 , there is a bump up of the outlet temperature when the combustion front reaches the wellbore. The highest outlet temperature of the extraction well is about 150 °C. An enhancement effect is strongly marked when the geothermal heat is compensated by the in situ combustion technique. The corresponding temperature profiles of the injection annulus and the extraction well are shown in Figure 14 .
In Figure 14 , the solid lines and dashed lines represent the temperature profiles of the injection annulus and the extraction well, respectively. The lines with different colors show the temperature profiles of the heat exchange system at different operational times. The temperature bump up is also marked in the temperature profiles at the depth of reservoir (4000 m). As seen in Figure 14 , before the combustion front reaches the wellbore (in less than 10 years), the temperature of both the injection annulus and the extraction well at the depth of (4000 m) are almost the same, or at least very similar. However, after the combustion front reaches the wellbore (after 10 years), the temperature of the extraction well is significantly higher than that of the injection annulus. This indicates that the in situ combustion has greatly enhanced the temperature of the water in the extraction well. It should be noted that in Figure 13 , there is a bump up of the outlet temperature when the combustion front reaches the wellbore. The highest outlet temperature of the extraction well is about 150 • C. An enhancement effect is strongly marked when the geothermal heat is compensated by the in situ combustion technique. The corresponding temperature profiles of the injection annulus and the extraction well are shown in Figure 14 .
In Figure 14 , the solid lines and dashed lines represent the temperature profiles of the injection annulus and the extraction well, respectively. The lines with different colors show the temperature profiles of the heat exchange system at different operational times. The temperature bump up is also marked in the temperature profiles at the depth of reservoir (4000 m). As seen in Figure 14 , before the combustion front reaches the wellbore (in less than 10 years), the temperature of both the injection annulus and the extraction well at the depth of (4000 m) are almost the same, or at least very similar. However, after the combustion front reaches the wellbore (after 10 years), the temperature of the extraction well is significantly higher than that of the injection annulus. This indicates that the in situ combustion has greatly enhanced the temperature of the water in the extraction well. According to Cheng et al. [31] , the power provided by the heat exchange system can be simply given by the following equation:
where P is the actual generated power (kW), M is the mass flow rate (kg/s), Tout is the outlet temperature of extraction well (K), Tin is the inlet temperature of injection annulus (K), Cp is the specific heat capacity of water (J/(kg·K)), ηri is the relative internal efficiency of steam turbine (0.8), ηm is the mechanical efficiency of steam turbine (0.97), ηg is the generator efficiency (0.98) [31] . For this study, the mass flow rate M is calculated by multiplying the injection velocity 0.03 m/s and the crosssectional area of the injection well (see Figure 6 ). Figure 15 demonstrates the variation of the outlet temperature and the actual gained power generated by the heat exchange system as functions of thermal conductivity of the insulation, inlet temperature and the velocity of the injected water in 30 years with in situ combustion.
(a) Thermal conductivity of the insulation. According to Cheng et al. [31] , the power provided by the heat exchange system can be simply given by the following equation:
where P is the actual generated power (kW), M is the mass flow rate (kg/s), T out is the outlet temperature of extraction well (K), T in is the inlet temperature of injection annulus (K), C p is the specific heat capacity of water (J/(kg·K)), η ri is the relative internal efficiency of steam turbine (0.8), η m is the mechanical efficiency of steam turbine (0.97), η g is the generator efficiency (0.98) [31] . For this study, the mass flow rate M is calculated by multiplying the injection velocity 0.03 m/s and the cross-sectional area of the injection well (see Figure 6 ). Figure 15 demonstrates the variation of the outlet temperature and the actual gained power generated by the heat exchange system as functions of thermal conductivity of the insulation, inlet temperature and the velocity of the injected water in 30 years with in situ combustion. According to Cheng et al. [31] , the power provided by the heat exchange system can be simply given by the following equation:
(a) Thermal conductivity of the insulation. It can be seen from Figure 15a ,b that when the thermal conductivity of the insulation decreases and the inlet temperature increases, the outlet temperature increases. The outlet temperature is much more sensitive to the value of the thermal conductivity of the insulation. This indicates that insulation with better thermal resistance properties is essential to reducing the heat loss from the extraction well to the injection annulus, and to obtaining higher outlet temperature. This confirms that it helps to extract more heat from the formation. Although there is a higher outlet temperature due to higher inlet temperature, this does not guarantee a higher actual power. The reason for this is that a high inlet temperature does not provide a large temperature difference between the heat exchange system and the surrounding rocks. This reduces the efficiency of the heat transfer from the surrounding rocks to the heat exchange system. In Figure 15c , because of the increase in the velocity of the injected water, both the outlet temperature and the actual power increased first, and then decreased. This is because the water injection velocity has an optimal value of 0.06 m/s. This explains that there is a large amount of heat loss from the extraction well to the injection annulus when the water injection velocity is small. For situations in which the water injection velocity is larger, the efficiency of the heat extraction from the surrounding rocks to heat exchange system will be very low. It can be seen from Figure 15a ,b that when the thermal conductivity of the insulation decreases and the inlet temperature increases, the outlet temperature increases. The outlet temperature is much more sensitive to the value of the thermal conductivity of the insulation. This indicates that insulation with better thermal resistance properties is essential to reducing the heat loss from the extraction well to the injection annulus, and to obtaining higher outlet temperature. This confirms that it helps to extract more heat from the formation. Although there is a higher outlet temperature due to higher inlet temperature, this does not guarantee a higher actual power. The reason for this is that a high inlet temperature does not provide a large temperature difference between the heat exchange system and the surrounding rocks. This reduces the efficiency of the heat transfer from the surrounding rocks to the heat exchange system. In Figure 15c , because of the increase in the velocity of the injected water, both the outlet temperature and the actual power increased first, and then decreased. This is because the water injection velocity has an optimal value of 0.06 m/s. This explains that there is a large amount of heat loss from the extraction well to the injection annulus when the water injection velocity is small.
For situations in which the water injection velocity is larger, the efficiency of the heat extraction from the surrounding rocks to heat exchange system will be very low.
With respect to the temperature near the wellbore of the heat exchange system in the early stage (about 10 years in Figures 13 and 14) , it is still not significantly enhanced, even after applying in situ combustion in the reservoir. This means that in situ combustion needs to be applied in advance to avoid the low-temperature stage in order to recover the upfront costs. This is called the advanced in situ combustion method, and comes from a similar concept of advanced water injection technology. In other words, the operation of retrofitting the abandoned well will be executed only when the temperature of the bottom hole increases drastically (i.e., when the combustion front approaches the wellbore).
As can be seen from Figure 16 , the outlet temperature of the scenarios without in situ combustion, with in situ combustion, and with advanced in situ combustion are compared. It can be clearly seen that the outlet temperatures of the scenarios without in situ combustion (blue dashed line) and with in situ combustion (red solid line) are relatively low at the beginning. If the heat exchange system starts to operate when the combustion front approaches the area near the wellbore, the outlet temperature will be enhanced significantly at a very early stage, and after that, decrease slowly (green dashed line). To find out how much energy could be extracted by the heat exchange system, the corresponding electricity data were calculated, and are shown in Figure 17 . With respect to the temperature near the wellbore of the heat exchange system in the early stage (about 10 years in Figures 13 and 14) , it is still not significantly enhanced, even after applying in situ combustion in the reservoir. This means that in situ combustion needs to be applied in advance to avoid the low-temperature stage in order to recover the upfront costs. This is called the advanced in situ combustion method, and comes from a similar concept of advanced water injection technology. In other words, the operation of retrofitting the abandoned well will be executed only when the temperature of the bottom hole increases drastically (i.e., when the combustion front approaches the wellbore).
As can be seen from Figure 16 , the outlet temperature of the scenarios without in situ combustion, with in situ combustion, and with advanced in situ combustion are compared. It can be clearly seen that the outlet temperatures of the scenarios without in situ combustion (blue dashed line) and with in situ combustion (red solid line) are relatively low at the beginning. If the heat exchange system starts to operate when the combustion front approaches the area near the wellbore, the outlet temperature will be enhanced significantly at a very early stage, and after that, decrease slowly (green dashed line). To find out how much energy could be extracted by the heat exchange system, the corresponding electricity data were calculated, and are shown in Figure 17 . The curves demonstrate that the total electricity generated by the geothermal power plant with compensation for in situ combustion (green dashed line and red solid line) is much more than the electricity generated without in situ combustion (blue dashed line). The cumulative electric energy of the scenario with in situ combustion (red solid line) after a period of 50 years' operation is 50.3 × 10 6 kW·h. The scenario with advanced in situ combustion (green dashed line) has a higher cumulative electric energy of 51.4 × 10 6 kW·h. The curves demonstrate that the total electricity generated by the geothermal power plant with compensation for in situ combustion (green dashed line and red solid line) is much more than the electricity generated without in situ combustion (blue dashed line). The cumulative electric energy of the scenario with in situ combustion (red solid line) after a period of 50 years' operation is 50.3 × 10 6 kW·h. The scenario with advanced in situ combustion (green dashed line) has a higher cumulative electric energy of 51.4 × 10 6 kW·h.
Economic Appraisal
To determine the duration of the payback period of the upfront investment and the cumulative net cash flow after a period of 50 years' operation, an economic appraisal was performed by considering the following information: the geothermal development engineering and management engineering; the requirements of economic appraisal methods and parameters promulgated by China National Development and Reform Commission; the current fiscal and taxation system and the pricing system in China; and the current status of geothermal energy development.
A typical cost for a vertical geothermal well is about $2.3 million, based on the data of the geothermal project in Menengai, Kenya [32] . As stated previously, the cost of work over techniques in such wells is equivalent to about one tenth of the total cost of drilling a new geothermal well [33] . Hence, we assumed that the cost of retrofitting an abandoned well would be $0.23 million for a single well. For the investment of a power plant [34] , the cost per installed kW comes to about $1500/kW (power peak is 159.2 kW during the 13th year in these scenarios). Based on the data given by Yambajan geothermal power generation [35] , the electricity sale price is $0.14 (¥0.93) per kW·h. The management expense is 1% of the annual sales. The corporate income tax rate is 25%. Therefore, for a period of 50 years in operation, the cumulative net cash flow (NCF) curves are shown in Figure 18 . 
A typical cost for a vertical geothermal well is about $2.3 million, based on the data of the geothermal project in Menengai, Kenya [32] . As stated previously, the cost of work over techniques in such wells is equivalent to about one tenth of the total cost of drilling a new geothermal well [33] . Hence, we assumed that the cost of retrofitting an abandoned well would be $0.23 million for a single well. For the investment of a power plant [34] , the cost per installed kW comes to about $1500/kW (power peak is 159.2 kW during the 13th year in these scenarios). Based on the data given by Yambajan geothermal power generation [35] , the electricity sale price is $0.14 (¥0.93) per kW·h. The management expense is 1% of the annual sales. The corporate income tax rate is 25%. Therefore, for a period of 50 years in operation, the cumulative net cash flow (NCF) curves are shown in Figure 18 .
As shown in Figure 18 , the scenario with advanced in situ combustion (green dashed line) has the shortest payback period (about 4.5 years) and the largest final cumulative NCF ($4.94 million). The final cumulative NCF of the two scenarios with in situ combustion (green dashed line and red solid line) are both higher than the scenario without in situ combustion (blue line). Although the scenario with simultaneous in situ combustion (red solid line) has relatively high final cumulative NCF, its payback period is very close to the scenario without in situ combustion (blue dashed line) and it is longer comarable to the scenario with advanced in situ combustion (green dashed line). Energies 2019, 12, x FOR PEER REVIEW 18 of 21 Figure 18 . Cumulative net cash flow curves for the proposed geothermal power system.
As shown in Figure 18 , the scenario with advanced in situ combustion (green dashed line) has the shortest payback period (about 4.5 years) and the largest final cumulative NCF ($4.94 million). The final cumulative NCF of the two scenarios with in situ combustion (green dashed line and red solid line) are both higher than the scenario without in situ combustion (blue line). Although the scenario with simultaneous in situ combustion (red solid line) has relatively high final cumulative NCF, its payback period is very close to the scenario without in situ combustion (blue dashed line) and it is longer comarable to the scenario with advanced in situ combustion (green dashed line).
In regard to the information presented above, a geothermal project with advanced in situ combustion is recommended. Please note that when evaluating geothermal projects, upfront investment, power output, fiscal policy, etc., should be fully considered.
Discussion
Note that this discussion leads to the conclusions made in this study, and was based upon a correlation of the study model with other previous models. The main theme of this paper is the application of in situ combustion for geothermal development with feasible economic gains. Although Bu et al. [8] and Templeton et al. [29] used different assumptions for their models, their purposes were similar to that of this study: the development of an economically friendly project. What makes the model of this study unique is the introduction of in situ combustion, and the fact that this model considers all of the parameters neglected by the other models. For example, the model of Bu et al. [8] neglects temperature variation in the tube wall of the injection annulus and the extraction well, and further neglects the Dittus-Boelter relation in convection model. The model of Templeton et al. [29] does not consider the rock below the heat exchanger. In short, both studies neglect the changes in the thermal properties of water, which are functions of temperature. Such negligence decreases the accuracy of the temperature distribution and may overestimate the heat extracted from the surrounding rocks in the system. However, since temperature is a major key in geothermal projects, the model proposed in this study considered all these aspects, especially temperature transfer in the extraction well and insulation. The results of this model are fair and reliable, because even with different assumptions from the previous models, the parameters applied are similar. These include the inner diameter of the extraction and the injection wells, the thickness In regard to the information presented above, a geothermal project with advanced in situ combustion is recommended. Please note that when evaluating geothermal projects, upfront investment, power output, fiscal policy, etc., should be fully considered.
Note that this discussion leads to the conclusions made in this study, and was based upon a correlation of the study model with other previous models. The main theme of this paper is the application of in situ combustion for geothermal development with feasible economic gains. Although Bu et al. [8] and Templeton et al. [29] used different assumptions for their models, their purposes were similar to that of this study: the development of an economically friendly project. What makes the model of this study unique is the introduction of in situ combustion, and the fact that this model considers all of the parameters neglected by the other models. For example, the model of Bu et al. [8] neglects temperature variation in the tube wall of the injection annulus and the extraction well, and further neglects the Dittus-Boelter relation in convection model. The model of Templeton et al. [29] does not consider the rock below the heat exchanger. In short, both studies neglect the changes in the thermal properties of water, which are functions of temperature. Such negligence decreases the accuracy of the temperature distribution and may overestimate the heat extracted from the surrounding rocks in the system. However, since temperature is a major key in geothermal projects, the model proposed in this study considered all these aspects, especially temperature transfer in the extraction well and insulation. The results of this model are fair and reliable, because even with different assumptions from the previous models, the parameters applied are similar. These include the inner diameter of the extraction and the injection wells, the thickness of insulation and casing, the thermal conductivity of the surrounding rocks, the velocity of injected water, geothermal gradient, etc.
Furthermore, during the geothermal fluid extraction process, most models may cause some problems in the formation, such as groundwater recession, corrosion and scaling problems, the high cost of geothermal, and the drilling of the re-injection well, but the newly proposed model has no direct contact with the formation fluid and no effect on oil production; thus, it only extracts the heat from the formation and the oil reservoir by recycling the working fluid in a closed-loop concentric tube, which is combined with in situ combustion by air injection in the oil reservoir. The coupling between the oil reservoir model and the heat exchanger model is done at the depth of the oil reservoir. This depth may vary for each reservoir, so as not to underestimate the heat production of the heat exchanger. Again, this phenomenon is neglected in the results of the model of Bu et al. [8] , and this reduces the accuracy of the simulation results. Note that the experimental data used in this study are similar to those of the two models described above, but the final results, such as temperature, are all different, which is due to the differences in the parameters that are assumed and neglected between the models. However, the results of this study model have more economic benefits than the other two models. A final point to note is that more attention should be paid to the figures, as more detail is apparent in the figures.
Conclusions
Based on the calculation and analysis conducted in this study, the following conclusions can be drawn:
(1) An efficient numerical model describing the retrofitting of abandoned wells into geothermal wells with in situ combustion for the purpose of recovering geothermal energy is proposed. The reliability of the model was verified and compared with two other numerical models proposed by Bu et al. [8] and Templeton et al. [29] . The current coupling strategy of the geothermal model is a simple approach for coupling the in situ combustion model and the heat exchanger model. (2) Several parameters known to affect the system performance were modeled and analyzed using the proposed model in this study. Under specific conditions, the injection velocity has an optimal value of 0.06 m/s. Extreme values (either big or small) of the injection velocity will decrease the efficiency of the heat transfer from the surrounding rocks to the heat exchange system. (3) The scenarios considered in this study demonstrated that with the help of in situ combustion, the outlet temperature increases remarkably after the combustion front reaches the area near the heat exchange wellbore, which is about 150 • C. The cumulative electricity of the scenarios with in situ combustion and advanced in situ combustion after a period of 50 years of operation are 50.3 × 10 6 kW·h and 51.4 × 10 6 kW·h, respectively. (4) A geothermal system using advanced in situ combustion is proposed to extract more heat from the formation right from the beginning, thereby significantly shortening the payback period of the upfront costs. For this study, the system provides the shortest payback period of 4.5 years and a final cumulative NCF of $4.94 million.
